Bronowicka-Szydełko A, Krzystek-Korpacka M, Kuzan A, et al. Non-standard AGE4 epitopes that predict polyneuropathy independently of obesity can be detected by slot dot-blot immunoassay.
Introduction
Advanced glycation end-products (AGEs) play a pivotal role in the development of complications in individuals with diabetes. 1 They have recently gained attention as prospective biomarkers and targets for pharmacotherapy for diabetes, atherosclerosis and related metabolic abnormalities. They are also being investigated as probable contributors to the pathogenesis of neurodegenerative diseases and cancer. 2 Advanced glycation end-products are formed as a result of non-enzymatic reaction between reducing carbohydrates or oxo-aldehydes and amino groups of proteins, nucleic acids or lipids. Glycation negatively affects the functionality of modified macromolecules. It is a multi-step cascade prompted by hyperglycemia and oxidative stress, yielding compounds of varying structures and stability. 3 Glycation usually affects proteins with a long half-life, such as extracellular matrix proteins, myelin sheath proteins, crystallins in the eye, or serum albumins. 4 Proteins with a short half-life also undergo glycation. However, the resulting products are not AGEs, but Amadori compounds, such as glycated hemoglobin (HbA 1 c), a routinely assessed marker of glycemic control. 5 Studies on the importance of AGEs in human pathology and potential applications of AGEs in diagnostics and therapy are hindered by their heterogeneity and difficulties in quantification. Only a limited number of AGE structures have been identified, characterized and evaluated in a clinical context. At present, N ε -carboxymethyl-lysine (CML) is the most extensively studied AGE, followed by N ε -(1-carboxyethyl)-lysine (CEL), pentosidine, argpyrimidine (AP), methylglyoxal (MGO)-derived hydroimidazolone, glyoxal-derived hydroimidasolone, and MOLD (MGO-lysine dimer). 6 The relevance of other AGEs remains largely unknown. 7 The detection and quantification of AGEs in easily available biological material, such as blood, is difficult. They are characterized by low solubility combined with high viscosity, and unlike in tissues, AGEs in blood are present in trace amounts. Therefore, sophisticated instrumental techniques, such as mass spectrometry, are employed to detect specific AGE epitopes. 8 Moreover, extraction of AGEs from sera using affinity or liquid chromatography is frequently required prior to their identification and quantification. 9 The necessity of advanced equipment and specialists limits the possibilities of applying these techniques in clinical practice on a large scale. More accessible techniques such as immunoassays are used mostly to quantify so-called "total AGEs", a pool of various AGEs with fluorescent properties. Although useful for getting a general overview of the degree of glycation, "total AGEs" do not encompass all AGEs (non-fluorescent species are not accounted for), nor discern the concentrations of any specific AGE. This makes the assessment of their individual contributions to a pathology impossible. Data on specific AGEs determined using immunoassays is scanty, and limited mostly to CML and pentosidine. 10 Methylglyoxal is a low-molecular-weight reactive aldehyde formed endogenously as a by-product of glycolysis and lipid peroxidation. 11 It evokes inflammatory 12 and immune responses, 13 and contributes to mitochondrial dysfunction and the formation of both AGEs and advanced lipoxidation end-products (ALEs). Methylglyoxal has been implicated in the development of complications in diabetes patients 13 as well as those with cancer 14 and multiple sclerosis. 15 The presence of MGO-modified proteins is usually detected indirectly, by evaluating the titer of the respective autoantibodies. Hydroimidazolone-1 (MG-H1) is the only known specific epitope formed on MGO-modified proteins. Others, namely CML and CEL, can be formed not only by MGO but also by glucose modification. Hydroimidazolone-1 has recently been proposed as a biomarker of reduced diastolic heart function in type 1 diabetes mellitus (T1DM). 16 To our knowledge, no immunoassay allowing quantification of MGO-derived epitopes (AGE4) other than CML, CEL or MG-H1 has been published. In this paper, we therefore present a slot dot-blot method for determining MGOderived non-standard epitopes using commercially available monoclonal antibodies. The suitability of the assay for patient evaluation was tested on individuals with diabetes and related metabolic abnormalities and complications.
Material and methods

Serum samples
Serum samples were obtained from clotted (15 min, room temperature) and centrifuged (15 min, 400 × g) blood drawn by venipuncture following a 12-hour overnight fast and collected into serum-separator tubes.
For the purpose of validation of the method performance in a clinical setting, serum samples were obtained from 46 individuals, of whom 26 were diagnosed with diabetes (10 men and 16 women), and the remaining 20 were apparently healthy blood donors (10 men and 10 women). Similarly, AGE4 was determined in 131 individuals: 91 with abnormalities in glucose metabolism (85 diagnosed with diabetes) and 30 apparently healthy blood donors.
Patients with deregulated glucose metabolism were recruited from the Department of Angiology, Diabetes and Hypertension of Wroclaw Medical University (Poland). Apparently healthy blood donors, without known glucose metabolism abnormalities, were recruited from the Regional Center of Blood Donation and Therapy (Wrocław, Poland) using the following inclusion criteria: age >50 years; no known systemic disease, dementia or depression; no ongoing inflammation; and fasting glucose <100 mg/dL.
Diabetes was diagnosed using the World Health Organization (WHO) criteria. The disease was considered uncontrolled if HbA 1 c exceeded 6.4%. 17 Overweight was defined according to WHO classifications as body mass index (BMI) 25-30 kg/m 2 , and obesity as BMI ≥ 30 kg/m. 2, 18 Metabolic syndrome (MetS) was diagnosed using the International Diabetes Federation (IDF) criteria 19 as the coexistence of central obesity plus any 2 of the following: hypertriglyceridemia (≥150 mg/dL) or receiving treatment, low highdensity lipoprotein (HDL)-cholesterol (<40 mg/dL in men and <50 mg/dL in women), hypertension (≥130 mm Hg for systolic or ≥85 mm Hg for diastolic) or receiving treatment, glucose ≥100 mg/dL or diagnosed with diabetes and receiving treatment. Hyperlipidemia was diagnosed using the guidelines of the European Society of Cardiology (ESC) and the European Atherosclerosis Society (EAS) 20 as elevated triglycerides (≥150 mg/dL) and/or low-density lipoprotein (LDL)-cholesterol (≥115 mg/dL) and/or total cholesterol (≥190 mg/dL), or receiving treatment. Hyperuricemia was diagnosed using the National Health and Nutrition Examination Survey III ( NHANES-III) criteria 21 as uric acid ≥7.0 mg/dL in men and ≥5.7 mg/dL in women.
Macroangiopathy (atherosclerosis of the arteries) was diagnosed if any of the following was present: myocardial infarct, stroke, percutaneous coronary intervention, coronary artery bypass graft, acute coronary syndrome, objective evidence of coronary artery disease (defined as a positive exercise test and angiography with at least 1 stenosis >50), symptomatic peripheral arterial obstructive disease (confirmed by an ankle/brachial pressure index <0.90 or an amputation), stenosis of the carotid artery, or cardiovascular death. Microangiopathy was diagnosed in patients with diabetic nephropathy (albuminuria >30 mg/g, creatinine and glomerular filtration rate (eGFR) using the Chronic Kidney Disease Epidemiology Collaboration Equation (CKD-EPI)), diabetic retinopathy (microaneurysms, dot-blot hemorrhages, flame-shaped hemorrhages, retinal edema and hard exudates, soft exudates, venous loops and venous beading, intraretinal microvascular abnormalities, hemorrhage into the vitreous, traction retinal detachments, macular edema etc., detected using ophthalmoscopy, fundus fluorescein angiography or optical coherence tomography) or polyneuropathy (diagnosed after excluding other possible causes with the pinprick test to establish absent or reduced pain sensations, electromyography and clinical evaluation using a quantitative diagnostic tool such as the Neuropathy Impairment Score).
The patients' demographic, laboratory and clinical data was collected prospectively and is presented in Table 1 . Data on the implemented treatment as well as the co-existence of other abnormalities is given in Table 2 .
Ethical considerations
The study protocol was approved by the Medical Ethics Committee of Wroclaw Medical University (approvals No. KB-303/2010 and No. KB-384/2012) and was in accordance with the ethical standards formulated in the Helsinki Declaration of 1975. Informed consent was obtained from all participating individuals.
Antibodies
Specific anti-AGE4 monoclonal antibodies (clone No. 14B5; Cosmo Bio Co. Ltd., Tokyo, Japan) − i.e., MGOmodified bovine serum albumin (BSA) − were used as the primary antibodies. These antibodies have been shown not to cross-react with glucose-modified BSA (AGE-1), glyceraldehyde-modified BSA (AGE-2), glycolaldehydemodified BSA (AGE-3), glyoxal-modified BSA (AGE-5), anti-3-deoxyglucose-modified BSA (AGE-6), CML-modified BSA, CEL-modified BSA, or with native BSA. The method for obtaining and purifying anti-AGE4 monoclonal antibodies was described by Takeuchi et al. 22 IHD -ischemic heart disease; ACS -acute coronary syndromes; IS -ischemic stroke; AO -arteriosclerosis obliterans; CAP -carotid artery plaques; FLD -fatty liver disease; CKD -chronic kidney disease. Polyclonal goat anti-mouse IgG (H+L) antibodies conjugated with horseradish peroxidase (HRP) (Jackson Im-munoResearch Europe Ltd., Ely, UK; cat. No. 115-035-166) were used as secondary antibodies at the dilution recommended by the manufacturer (1:2,000).
Direct ELISA assay
The wells of flat-bottom Maxisorp microtiter plates (Nunc A/S, Roskilde, Denmark) were coated with 50 μL of serum samples diluted in 50 mM carbonate buffer (pH 9.6) and incubated for 4 h at 37°C, followed by overnight incubation at 4°C. The following serum dilutions were tested: 200×, 100×, 50×, 20×, 10×, 5×, 4×, 2×, and undiluted. After intensive washing with 3 changes of 300 μL of tris buffered saline with tween 20 (TBS-T), pH 7.4, the plates were blocked with 300 µL of 5% skimmed milk for 20 h at 4°C. Unbound milk was removed by washing with TBS-T, pH 7.4 (3 × 300 µL), and the plates were incubated for 2 h at 37°C with 50 µL of the primary antibodies per well. The following dilutions of the primary antibodies were tested: 1:2,000, 1:1,000, 1:500, and 1:250. Subsequently, following a wash step (3 × 300 µL of TBS-T, pH 7.4), the plates were treated with the secondary antibodies conjugated with HRP (50 µL per well; 1:2,000) for 1.5 h at 37°C. After washing (3 × 300 µL of TBS-T, pH 7.4), the emptied wells were filled with 50 µL of o-phenylenediamine dihydrochloride (OPD) (Thermo Fisher Scientific, Rockford, USA) and incubated for 10 min at room temperature. The appearance of an orange-brown product, proportional to the AGE4 concentration in serum samples, was measured at λ = 450 nm using an EnSpire ® microplate reader (Perkin Elmer Inc., Waltham, USA).
Additionally, the following negative controls were run simultaneously with the samples: antigen control (no antigen), blockage control (without the primary or secondary antibodies), primary antibody control (no secondary antibody), and secondary antibody control (without the primary antibody). All the samples and controls were run in triplicate.
Slot dot-blot assay
Fifty microliters of twice-diluted sera in phosphatebuffered saline (PBS) pH 7.2 were applied in duplicate to methanol-activated polyvinylidene difluoride membrane (Immobilon ® -P Transfer Membrane; Bio-Rad Laboratories, Hercules, USA) using slot apparatus (Bio-Rad Laboratories). The prepared membranes were soaked in 5% skimmed milk in TBS-T for 2 h at room temperature, and then for 18 h at 4°C. After this and every subsequent step, the membranes were rinsed 3 times with TBS-T, pH 7.4. Subsequently, the membranes were incubated with the primary antibodies for 2.5 h at 37°C, using the following dilutions: 1:2,000, 1:1,000, 1:500, and 1:250 in TBS. After washing, the membranes were incubated for 1.5 h at 37°C with the secondary antibodies conjugated with HRP, using the 1:2,000 dilution recommended by the manufacturer. 3-amino-9-ethylcarbazole (Sigma Aldrich, St. Louis, USA) was used as a substrate for peroxidase. The density of the developed bands, proportional to AGE4 concentration, was determined using densitometry and was expressed in arbitrary units (AU). The readings were conducted using the Gel Doc XR + (Bio-Rad Laboratories), and the band density was analyzed using Image Lab software (Bio-Rad Laboratories). All detected signals were normalized against the background density of the membrane.
Except for determination of the coefficients of variation (CV%), all samples were run in duplicate. Parallel control assays were performed, in which the incubation step with the primary antibodies was omitted to control for the specificity of the secondary antibodies. Any signals observed in the control assays were subtracted from the corresponding samples in the test assay.
Statistical analysis
Prior to the analysis, the results of the technical replicates were averaged. Data distribution was tested using the Kolmogorov-Smirnov test. Data on AGE4 is presented as medians with 95% confidence intervals (95% CI) and was analyzed using the Mann-Whitney U test. Normally distributed data was analyzed using the t-test for independent samples with Welch's correction if appropriate. The frequency analysis was conducted using Fisher's exact test. Comparisons of 2 proportions were conducted using χ 2 statistics. Correlations were analyzed using Spearman's rank correlation coefficient. Stepwise logistic regression with p < 0.05 as inclusion and p > 0.1 as exclusion criteria was applied to identify independent predictors of AGE4 positivity or polyneuropathy. Odds ratios (ORs) with 95% CI were calculated for significant variables. The accuracy of the model based on explanatory variables was determined using receiver operating characteristics (ROC) curve analysis and expressed as the area under the ROC curve (AUC). Additionally, the sensitivity and specificity of the model corresponding with the optimal cut-off were calculated.
All calculated p-values were two-sided and p ≤ 0.05 was considered statistically significant. The statistical analysis was conducted using MedCalc Statistical Software v. 17.9.6 (MedCalc Software bvba, Ostend, Belgium).
Results
Assay development
Competitive ELISA
Our first attempt to develop an immunoassay for the detection and quantification of AGE4 was a competitive enzyme-linked immunosorbent assay (ELISA). In order to establish the optimal assay conditions, microtiter plate wells were coated with different dilutions of serum samples, from undiluted sera up to 200-fold dilutions. Except for the least diluted sera, the readings recorded were almost identical with their respective controls (without anti-AGE4 antibodies). Therefore, when the control readings were subtracted from the samples, only the undiluted sera and 200-fold diluted sera had absorbance readings exceeding 0.05. An example of the effect of serum dilution on AGE4 detection is presented in Fig. 1 .
The assay was further optimized by testing various dilutions of anti-AGE4 antibodies using plates coated with either undiluted or 200-fold diluted sera. Of the tested antibody dilutions, the highest sample-to-control absorbance ratios were obtained for the lowest dilution (1:250). There was no significant difference between assays conducted using undiluted or 200-fold diluted sera for the coating. The effect of antibody dilution factors on AGE4 detection is presented in Fig. 2 for 6 different sera (2 derived from healthy individuals and 4 from patients with diabetes).
Using the conditions yielding the highest sample-tocontrol readings, 23 randomly selected serum samples were used to detect and quantify AGE4. In 7 samples out of 23, reactions were clearly observed in anti-AGE4treated wells, yielding 30% AGE4 positivity. Absorbance of the control wells (sera untreated by anti-AGE4) for these 7 samples was significantly lower. The median AGE4 absorbance was 0.118 (95% CI = 0.13-0.09). The absorbance values for the samples were in the 0.06-0.17 range for 250× anti-AGE4 dilution and in the 0.06-0.09 range for corresponding control samples. Based on the results including the control test, it was found that trace amounts of AGE4 were detected in some sera, but the direct ELISA method was insufficiently sensitive.
Slot dot-blot
Since the control-adjusted readings in ELISA were generally low, the slot dot-blot method, which allows more antigens to be loaded on a membrane, was tried. The serum dilution was fixed at 1:200 and only the anti-AGE4 antibody step was adjusted. As in the ELISA test, the starting antibody dilution was 1:2,000. Since there was no signal on the membranes, lower dilutions were tested; a 1:250 dilution was found to yield signals in a number of sera ( Fig. 3) .
Using a 1:250 antibody dilution, 24 randomly selected sera were tested (22 from individuals with abnormalities in glucose metabolism and 2 from healthy blood donors). Simultaneously, a control assay, without anti-AGE4 antibodies, was run. A number of bands could be clearly observed in an anti-AGE4-treated blot: 17 samples out of 24, yielding 71% AGE4 positivity. However, there were only 2 responses in the control assay ( Fig. 4, samples #66 and #68). The density of these control bands was relatively small, constituting 3.6% and 1.4% of the density recorded for corresponding samples treated with anti-AGE4. Nonspecific signals from the controls were subtracted from the test samples to calculate AGE4 levels. The median AGE4 level was 29,494 AU (95% CI = 7,950-41,369). Data A 450 dilution of anti-AGE4 antibodies on individual AGE4 levels for both assays (test and control) is presented in the Table 3 . The mean CV% calculated for technical replicates was 9.9%. In order to determine the intra-and inter-assay CV%, 12 replicates of selected serum samples were run within the same assay on 9 separate runs. The calculated intraassay CV% was 10.8% and the inter-assay CV% was 10.6%, both within the range acceptable for immunoassays.
The slot dot-blot method was used to quantify AGE4 levels in the healthy individuals and in the patients with diabetes with respect to disease complications, other metabolic abnormalities and treatment.
AGE4 and diabetes
As shown in Table 1 , the healthy controls had lower AGE4 and AGE4 positivity than the patients. When analyzed in terms of the relationship with diabetes, the non-diabetic study participants had lower median AGE4 than the diabetics: 0 AU (0-0) vs 11,501 AU (3,061-26,905) (p < 0.0001) as well as lower AGE4 positivity (19.4% vs 64.7%, p < 0.0001).
There was no significant difference between the diabetics and the controls in terms of median AGE4 (p = 0.485) or AGE4 positivity (p = 0.992). However, the patients with uncontrolled disease had significantly lower median AGE4 than the patients with controlled disease (3,906 AU (0-21,426) vs 26,979 AU (6,605-45,322), p = 0.033) and tended to have lower AGE4 positivity (58.2% vs 76.6%, p = 0.102). There was also a negative correlation between AGE4 and HbA 1 C: ρ = −0.29, p = 0.008, particularly in males: ρ = −0.42, p = 0.018.
AGE4 and other metabolic abnormalities
To evaluate correlations between AGE4 and various metabolic abnormalities, we compared the median AGE4 Fig. 4 . Slot dot-blot results of diabetes sera treated with A) anti-AGE4 and secondary anti-mice IgG antibodies, and B) only secondary anti-mice IgG antibodies (control slot dot-blot). The number of sample tested is given on the left side of the blot and the number of the technical replicate is given at the bottom Fig. 3 . Results of the slot dot-blot test carried out at the following anti-AGE4 dilutions: ×2,000, ×1,000, ×500, and ×250.
The number of the sample tested is given on the left side of the blot and the number of the technical replicate is given at the bottom and the distribution of AGE4-positive samples among patients with and without obesity, hypertension, hyperlipidemia, hyperuricemia, fatty liver disease, and chronic kidney disease. Of these, obese patients had a significantly higher median AGE4 than non-obese ones: 33,573 AU (15,786-46,033) vs 3,242 AU (0-11,391) (p = 0.004) and a higher percentage of AGE4 positivity: 75.7% vs 55.6% (p = 0.051). Moreover, there was a positive correlation between AGE4 and BMI: ρ = 0.27, p = 0.018.
AGE4 and diabetic complications
We also compared the median AGE4 and the distribution of AGE4-positive samples between patients with and without diabetic complications: macroangiopathy in general and as ischemic heart disease, acute coronary syndromes, ischemic stroke, arteriosclerosis obliterans, and carotid artery plaques; as well as microangiopathy in general and as retinopathy, nephropathy and neuropathy. AGE4 positivity tended to be less frequent in patients with microangiopathy in general as compared to patients without microangiopathy (54.3% vs 73.3%; p = 0.061). Detailed analysis showed a significant correlation between AGE4 positivity and polyneuropathy: Patients with this complication had significantly lower AGE4 positivity than those without it (45.7% vs 75%, p = 0.005).
AGE4 and treatment
We compared the median AGE4 and the distribution of AGE4-positive samples between patients treated and untreated with insulin, sulfonylurea, metformin, gliptins, acarbose, antihypertensive drugs, dyslipidemia medications, anticoagulants, aspirin, and clopidogrel. The median AGE4 was higher in metformin-treated than in non-treated patients: 20,215 AU (6, 430) vs 384 AU (0-11,318) (p = 0.011). AGE4 positivity tended to be higher in metformin-treated patients as well (69.2% vs 50% for non-treated; p = 0.086) but was significantly lower in gliptin-treated than non-treated patients (33.3% vs 68.4%; p = 0.019).
Independent predictors of AGE4 positivity: multivariate analysis
To identify independent factors associated with AGE4 positivity, stepwise logistic regression was employed. Obesity, HbA 1 C, polyneuropathy, and treatment with gliptins were entered as explanatory variables. Polyneuropathy (coefficient 1.55, p = 0.003) and obesity (coefficient 1.1, p = 0.039) were found independently associated with AGE4 positivity with the following odds ratios (ORs): 0.21 (95% CI = 0.08-0.58) for polyneuropathy and 3.02 (1.1-8.6) for obesity. The model built on both variables correctly classified 71.1% of the cases and its overall accuracy was 73%.
When treatment with metformin was entered as an additional explanatory variable, it replaced obesity in the model. Polyneuropathy had a coefficient of −1.67 (p = 0.002), while the coefficient for metformin was 1.33 (p = 0.027). The ORs for polyneuropathy and metformin treatment were 0.19 (0.07-0.53) and 3.76 (1. 16-12.18) , respectively. The model correctly classified 70% of the cases and its accuracy was 72%.
AGE4 positivity as an independent predictor of polyneuropathy
To test the strength of the association of AGE4 positivity with polyneuropathy, stepwise logistic regression was employed. To select variables associated with polyneuropathy in a univariate analysis, categorical data was tested using Fisher's exact test, while continuous data was submitted to a t-test for independent samples. Fasting glucose, HbA 1 C, and triglycerides were significantly increased in patients with polyneuropathy. They were therefore entered into Measurement error was calculated as the ratio of absolute difference between 2 replicates to higher measurement and expressed as percent.
the model of logistic regression as explanatory variables in addition to AGE4 positivity. Of these, AGE4 positivity (coefficient −1.42, p = 0.015) and HbA 1 C (coefficient 0.37, p = 0.010) were found to be independent predictors of polyneuropathy with ORs of 0.24 (95% CI = 0.08−0.75) for AGE4 positivity and 1.6 (1.1−2.3) for HbA 1 C. The model built on both variables correctly classified 70.4% of the cases and its overall accuracy was 76%. The combined markers were characterized by perfect specificity but low sensitivity in detecting polyneuropathy (Fig. 5 ).
Discussion
There is growing interest in detecting and quantifying individual AGE epitopes, as various AGEs may evoke different, even contradictory, responses in the body. 23 However, the available tools remain limited. Of these, immunoassays are likely to have a potential for a widespread application due to their relative simplicity and low cost, but the available ELISAs for AGEs are usually universal assays not dedicated to quantifying individual AGEs epitopes. 22, 24 In this paper, we present a slot dot-blot method for the semi-quantitative determination of non-standard epitopes of AGE4 present in trace amounts in sera. In a classic ELISA using a microtiter plate format, the sensitivity of the assay is limited by the volume of the serum sample loaded into the well. The amount of antigen successfully bound to the microtiter plate well is directly correlated with its concentration in a medium. Therefore, the lower the concentration of an antigen of interest in the medium, the lower the probability of its being bound and not removed in subsequent washing steps. Moreover, the more complex the medium, the greater the presence of competing antigens, and the binding of a particular antigen of interest is even less probable. Although the problem can be solved by prior extraction of the antigen of interest, allowing for its relative concentration, such an approach is expensive and time-and labor-consuming. It may also require sophisticated procedures and equipment, thus hindering the widespread application of such a method in clinical and diagnostic laboratories. In this respect, the slot dot-blot method is superior, as it allows for more of the antigen of interest to be loaded on a carrier membrane. There is no volume limit of the serum sample to be loaded, and the use of a vacuum ensures that all the antigens are successfully bound and retained on the membrane. Therefore, as our study demonstrated, the slot dot-blot method allowed us, with satisfying reproducibility, to detect and semi-quantify AGE4 antigens undetectable with a competitive ELISA. The superior sensitivity of the slot dotblot method as compared to a classic ELISA has also been demonstrated by others, as it was previously used to detect the presence of malaria-causing Plasmodium falciparum in mosquitos. 25, 26 Using monoclonal antibodies to target non-standard epitopes of AGE4 (MGO-modified albumin) that do not cross-react with other AGEs or albumin modified by standard AGE epitopes such as CML and CEL, we showed that their increased serum levels correlate with diabetes and obesity. This observation is in line with AGE formation being accelerated not only by hyperglycemia but by hyperlipidemia, as well as by the oxidative stress and low-grade inflammation accompanying these conditions. 27 Methylglyoxal represents low-molecular aldehydes derived from normal metabolism as well as pathological glycation and lipoxidation. The reactivity of MGO is about 20,000 times higher than the reactivity of glucose. As such, MGO has been called (by van der Heijden et al.) "a key compound involved in the very fast generation of glycation adducts", also produced in reactions with short-lived proteins. 28 Elevated concentrations of MGO in serum have previously been shown in diabetes 20 and held responsible for inducing maladaptive responses in the vasculature. 29 Similarly, MGO has been linked with diabetic complications, increasing risk of cardiovascular events and mortality, 31 as well as impairing bone regeneration in patients with diabetes. 32 Mechanistically, MGO has been shown to interfere with the platelet-derived growth factor B/platelet-derived growth factor receptor β (PDGFB/PDGFRβ) axis in smooth muscle cells and fibroblasts through formation of CML and CEL adducts on the PDGFB receptor. PDGFRβ inhibition, in turn, destabilizes the fibrous cap on atherosclerotic plaque, contributing to its rapture by inducing growth arrest and apoptosis of smooth muscle cells and fibroblasts. 33 However, animal studies have shown that MGO-derived AGEs also accumulate in the pancreatic β cells of healthy rats, and the levels of these AGEs were not affected by streptozotocin-induced diabetes. Therefore, it has been suggested that MGO-derived AGEs may play a positive role in the post-translational maturation of insulin. 34 To our knowledge, there are no studies in the literature that analyze the amount of a specific epitope of an MGOmodified protein in the context of metformin; only the influence of metformin on MGO content in human serum has been checked. 35 Beisswenger et al. used high-performance liquid chromatography to examine MGO in plasma from 57 subjects with T2DM, half of whom were being treated with metformin. Those authors found that metformin reduces MGO in a dose-dependent fashion and minimizes the effect of worsening glycemic control on MGO levels. 36 A similar conclusion was reached by Kiho et al., who incubated BSA or RNase with MGO, and metformin turned out to be an inhibitor of AGE formation. 37 In our study we found that the level of AGE4 is higher in patients treated with metformin. This is somewhat contradictory to the finding that the drug reduces systemic MGO levels in T2DM, because it is logical that the more MGO is present, the higher AGE4 levels are expected. Additional studies of the potential effects of metformin on MGO production and modifying proteins by MGO are required to further elucidate the role of metformin in diabetic complications.
The effect of gliptins (dipeptidyl peptidase-4 inhibitors, an established anti-inflammatory drug) on MGO-induced glycation has not been thoroughly researched. It has been reported that linagliptin improves MGO-induced peritoneal fibrosis. In a study carried out on mice, it was found that linagliptin suppressed the expression of fibrotic markers, such as alpha-smooth muscle actin (α-SMA), fibroblastspecific protein-1 (FSP-1) and type I and III collagen, and inhibited macrophage infiltration in MGO-induced peritoneal fibrosis. 38 It has also been shown that gemigliptin inhibits MGO-modified AGE-BSA formation and traps MGO in a concentration-dependent manner. 39 Regarding drugs of this group, our study found the expected results: AGE4 positivity was significantly lower in gliptin-treated patients than in non-treated patients, which confirmed its anti-glycation properties.
Conclusions
The extent to which high glucose levels in diabetic patients, as estimated by measuring HbA 1c levels, contributes directly to vascular disease remains controversial. Recent studies have suggested that postprandial spikes of high glucose may be a more robust determinant of vascular risk than average glucose levels as determined by HbA 1 c. However, we should recognize that HbA 1 c levels are unlikely to provide a fully accurate picture of temporal glycemic fluctuations, and thus there is a difference between diabetic individuals with and without regular occurrences of hyperglycemic spikes. This may be one of the underlying reasons why glycemic control, as measured by decreasing HbA 1 c levels, has not been consistent in successfully reducing vascular disease. 40 The formation of MGO might be a mechanism that causes repeated glucose spikes to have a more damaging effect than high fasting or mean glucose levels on endothelial cells and the development of vascular complications. Methylglyoxal is a strong candidate for use as a more robust clinical marker of glycemic fluctuation than HbA 1c . A major challenge for the future would be to systematically analyze MGO-modified proteins in order to identify a better risk predictor than HbA 1 c. Methylglyoxal triggers maladaptive responses in vascular tissue. 41 AGE4 positivity and HbA 1 C were found to be independent predictors of polyneuropathy.
